Texture and stretch formability of Mg-1.5 mass%Zn-0.2 mass%Ce alloy rolled at different rolling temperatures were investigated. The Mg-Zn-Ce alloy rolled at 723 K and annealed at 623 K tended to produce a TD-split texture. The TD-split texture contributed to the low average r-value and high tensile elongation, resulting in the significant high stretch formability corresponding to the commercial Al alloys.
Mg alloys have the high potential for improving fuel efficiency of vehicle because of their high specific strength and stiffness. 1) In Mg, the (0001)h11 2 20i basal slip takes place preferentially because the critical resolved shear stress (CRSS) for the basal slip is lower than those for the prismatic and pyramidal slips.
2) This gives rise to relatively low ductility for a polycrystalline Mg and its alloy. Besides, for rolled Mg alloy sheets, the (0001) basal plane is strongly distributed parallel to the RD-TD plane, where the RD and TD are the rolling and transverse directions. In such a case, it is very difficult for the textured sheets to be deformed in the thickness direction, 3) resulting in a poor formability. Texture control is one of effective ways to improve ductility and formability of rolled Mg alloy sheets. 4) One approach for texture control is an addition of rare-earth metal (RE) in Mg alloy. [5] [6] [7] According to the previous works, [5] [6] [7] RE addition modifies and weakens the strength of texture of hot-rolled Mg alloys, resulting in an enhancement of ductility and formability. Recently, our previous work 7) has revealed that Mg-1.5 mass%Zn-0.2 mass%Ce alloy hot-rolled at 723 K exhibits greater balance of tensile elongation and stretch formability than the commercial Mg alloys. However, the mechanisms of enhancement of tensile properties and stretch formability are still unknown. This paper reports on relationships between texture, stretch formability and tensile properties of the rolled Mg-Zn-Ce alloys with different rolling temperatures.
An extruded Mg-1.5 mass%Zn-0.2 mass%Ce alloy with 50 mm in length, 60 mm in width and 5 mm in thickness was prepared as an as-received specimen.
7) The specimen was heated at 663 or 723 K for 1:2 Â 10 3 s in a furnace, and a unidirectional rolling was conducted at a rolling reduction of 20%, where the roll temperature was held at 353 K. The heating and rolling treatments were repeated, and the sheet was rolled to a thickness of 1 mm. Finally, the rolled specimen was annealed at 623 K for 5:4 Â 10 3 s. Microstructures of the rolled and annealed sheets were investigated by optical microscope, and the results of the RD-ND plane are shown in Fig. 1 , where the ND is the normal direction. The average grain size of the RD-TD, RD-ND and TD-ND planes is 27 and 26 mm for the specimens rolled at 663 and 723 K, respectively. There is no large difference in grain size between them.
The (0002) pole figure of the rolled and annealed sheets was investigated by the Schulz reflection method. The data was normalized by the powder Mg data. The results are summarized in Fig. 2 . The texture intensity of both the specimens is much lower than that of rolled AZ31 alloy, 4) indicating that the RE addition weakens the strength of basal texture. The (0002) pole figure of the specimen rolled at 663 K exhibits the splitting of the basal pole toward the RD, which is a typical texture of the rolled Mg alloy with RE elements. 5, 6) On the other hand, the (0002) pole figure of the specimen rolled at 723 K is entirely different from that of the specimen rolled at 663 K, where the position of the basal poles is tilted by about AE35 from the ND toward the TD. This type of texture is similar to that of Zr alloys.
8) It should be noted that the tilt angle of basal poles from the ND toward the TD for the specimen rolled at 723 K (AE35 ) is larger than that of basal poles from the ND toward the RD for the specimen rolled at 663 K (AE20{25 ). Anyway, it is demonstrated that the high temperature rolling at 723 K and subsequent annealing at 623 K result in the formation of the TD-split texture in the Mg-Zn-Ce alloy.
Erichsen tests 7) were carried out at room temperature to investigate the stretch formability of the rolled and annealed sheets, and the results are summarized in Table 1 . The Erichsen value of the specimen rolled at 723 K (9.0) is 1.6 times larger than that of the specimen rolled at 663 K (5.6), and it is a match for that of 5000 series Al alloys.
9) It is known that the intensity and distribution of basal texture significantly affects the stretch formability of Mg alloys. 3, 4) Because Fig. 2 exhibits almost the same low intensity of the basal pole between the specimens rolled at 663 and 723 K, the significant stretch formability of the specimen rolled at 723 K is suggested to be closely related to the TDsplit texture.
Tensile specimens with 10 mm in gage length, 5 mm in gage width and 1 mm in gage thickness were machined from the rolled and annealed sheets. Tensile tests were carried out * Corresponding author, E-mail: y-chino@aist.go.jp at room temperature with an initial strain rate of 1:7 Â 10 À3 s À1 , where the angles between the tensile direction and the RD were 0 , 45 and 90 . Additional tensile tests were conducted in order to investigate the Lankford value (r-value, r ¼ " w =" t ) and their average r-value (r ave ¼ jðr 0 þ 2r 45 þ r 90 Þ=4j), where " w and " t are the width-direction and thickness-direction strains, and r 0 , r 45 and r 90 are the r-values at angles of 0 , 45 and 90 to the RD, respectively. The width-direction and thickness-direction strains were measured using the specimens deformed to 10% nominal strain. The results of tensile tests are summarized in Table 2 . Note that the average r-value of the specimen rolled at 723 K is significantly lower than unity, indicating that sheet thinning can easily occur during in-plane tensile deformation. Besides, it is noted that the r-value of the specimen rolled at 723 K is abnormally low at 90
. When the basal planes are aligned parallel to the tensile direction, the basal and prismatic hai slips cannot play a vital role in the thickness-direction strain.
10) Hence, it is evident that the low average r-value and the abnormal low r-value at 90 of the specimen rolled at 723 K is closely related to the TD-split texture.
Concerning to elongation to failure, both the specimens exhibit much higher elongation of around 30% compared with that of commercial AZ31 alloys (around 20%) 10) regardless of the coarse grain size (26 mm). It is obvious that the weaker texture intensity of the rolled Mg-Zn-Ce alloys contributes to the enhancement of the tensile ductility. It is noted that the elongation to failure of the specimen rolled at 723 K is enhanced at 45 (33%) and 90 (33%). In Fig. 2 , the basal pole of the specimen rolled at 723 K is distributed with a high angle of AE35 from the ND toward the TD. This fact implies that the Schmid factor for basal slip has a large value for the majority of grains in the specimen. For instance, the Schmid factor for a basal hai slip is calculated to 0.47, when the angle between the normal of a basal plane and the tensile stress axis is 55
, and the tensile stress is applied along the hai direction of a Mg crystal. This may be one of the main reasons for higher elongation of the specimen rolled at 723 K, which was tensile-deformed at 45 and 90 . Thus, it is suggested that the enhancement of tensile ductility at 45 and 90
is also attributed to the improvement of stretch formability of the Mg-Zn-Ce alloy rolled at 723 K.
Next, microstructures and (0002) pole figures of the asrolled specimens were investigated in order to elucidate origins of the TD-split texture of the Mg-Zn-Ce alloy rolled at 723 K. Microstructures of the as-rolled specimens are shown in Fig. 3 . Many deformation twins are found in both the as-rolled specimens, and they vanish during the annealing as shown in Fig. 1 . Clearly, the static recrystallization occurs in both the specimens. The average grain size of the as-rolled specimens at 663 and 723 K is 24 and 40 mm, respectively. It is noted that the grain size of the as-rolled specimen at 723 K is much higher than that of the annealed specimen.
The (0002) pole figures of the as-rolled specimens are summarized in Fig. 4 . The as-rolled specimen at 663 K has almost the same texture as that of the annealed specimen except for stronger texture intensity. This texture change during static recrystallization is typical of conventional Mg alloy sheets. 11) On the other hand, the texture intensity does not weaken during annealing in the case of the specimen rolled at 723 K. Besides, it is worthy of special mention that the clear splitting of basal pole toward the TD shown in the annealed specimen is not observed in the as-rolled specimen at 723 K. Obviously, the variation in rolling temperature affects the static recrystallization during annealing. The present results indicate that the TD-split texture of the specimen rolled at 723 K is not caused by a reorientation of grains during deformation, but a static recrystallization accompanied by nucleation. It is generally accepted that deformation at a high temperature reduces the stored energy due to dynamic recovery, which retards recrystallization during a subsequent annealing. 12) However, in the present study, it seems that the high temperature rolling promotes the static recrystallization accompanied by nucleation, resulting in the formation of the TD-split texture. Gottstein and Lee 13) investigated the recrystallization behaviors during an iso-stress compression of pure Cu, and suggested that increasing the deformation temperature can lead to rapid recrystallization by promoting the condensed cell. It might be presumed that the similar manner pays an important role on the recrystallization of the Mg-Zn-Ce alloy. Further investigations of the origin of the TD-split texture in the Mg-Zn-Ce alloy rolled at 723 K are still in progress.
In summary, it is demonstrated that the Mg-Zn-Ce alloy rolled at 723 K and annealed at 623 K exhibits the TD-split texture, and it contributes to not only low average r-value but also high tensile-elongation, resulting in the significant stretch formability, corresponding to the commercial Al alloys. 
